SUMMARY We have developed an autoradiographic technique for tbe simultaneous measurement of local cerebral blood flow (LCBF) and local cerebral metabolic rate for glucose (LCMRgl) using '"Modoantipyrioe and "C-2-deoxyglucose respectively. By exploiting tbe different half-lives of "I and "C, 13.0 hours versus 5730 years, we produce 2 autoradiographic images. The first is predominantly a result of the "*I and the second is predominantly from the U C. Because of the Impracticality of making m I standards, it was necessary to determine the constant which relates the ability of 1M I, with respect to "C, to expose Kodak SB-54 fllm, so that tbe '"I exposure could be quantified using "C standards. Subtraction equations can then be used to solve for the local
INTEREST in autoradiographic techniques which can differentiate between 2 radionuclides has risen sharply. This enthusiasm is a result of the recent development of radiopharmaceuticals which can be used for in vivo measurement of various physiologic and metabolic states of organs in laboratory animals. Local cerebral blood flow (LCBF) 1 ' * and local cerebral metabolic rate for glucose (LCMRgl) 1 have been studied using the tracers u C-iodoantipyrine and u C-2-deoxyglucose respectively. The ability to measure such parameters simultaneously would be of value in determining their interrelationships in various physiological and pathological states.
Various non-quantitative methods are presently employed to separate autoradiographically radionuclides with different energy spectra or decay rates. The isotopes can be separated by selective filtration with inert absorbers when the emission energy spectra differ significantly, or by time dependent means when the half-life of one isotope is considerably shorter than the other. No technique described allows measurement of 2 parameters with fine spatial detail. An ex-cellent review of such techniques has been published recently. 4 Preliminary work indicated the feasibility of using IW I and M C in double radionuclide autoradiography B> e and this paper gives details of the method we have developed to measure simultaneously LCBF and LCMRgl. The half-life of "M is 13.0 hours and its decay produces 87%, 159 keV gamma rays and 13%, 127 keV internal conversion electrons. The electrons are of suitable energy for autoradiography of tissue sections while the gamma emission can be used to quantify the activity of the "*I in the presence of U C. The half-life of U C is 5730 years and its decay produces beta radiation with a mean energy of 55 keV. The energies of the electron emissions of both radionuclides are sufficiently high so that commercially available x-ray film can be used for imaging rather than uncoated nuclear emulsions. This avoids the difficulties inherent in the handling and processing of the fragile emulsion plates that are needed to image isotopes such as 'H {fi~ mean of 6 keV). The images produced by both radionuclides have excellent spatial detail, which is compromised when radionuclides with emissions of higher energies such as '"I (jS~ mean = 284 keV) are used.
The extremely short half-life of 1M I with respect to U C is the basis for the separation of the respective autoradiographic images. Sequential images of the same tissue section are made and subtraction is used to determine the amounts of Radiopure "C labeled radiopharmaceuticals are commercially available and have been widely used in autoradiographic techniques. m I labeled tracers, however, are not readily available, and when obtained, contain radioactive impurities which can expose autoradiographic film. All samples of m I which we have obtained have contained traces of ^I (t* = 60 days). The inability to obtain radiopure m I is the reason to use time dependent separation of the radionuclides rather than to use filters to exploit their different electron energy emission.
Even without filtration, the presence of the m I impurity must be considered carefully in the design of the technique. Because subtraction propagates error, proper selection of the relative amounts of m I and U C administered as tracers is important. Because the subtraction technique requires sequential use of a given tissue section to make 2 autoradiographic exposures which must then be compared, problems of image formation and degradation must be considered.
In order to measure LCBF using the methods cited previously 1 ' f both the time course of the arterial concentration of the tracer and the local brain concentration of the tracer at time of sacrifice must be evaluated. When using I-U is typically 3-5%) the arterial percentage of "*I-U may be several times greater. This is a result of the rapid diffusion of the lt3 I-IAP into the lungs and other tissues while the 1M I-U remains in the blood. Thus, when determining arterial m I-IAP, the total m I activity in the arterial samples must be corrected for the arterial "M-U. The short half-life of ""I adds a second complication; it is impractical to make i n I standards. Thus, it is necessary to relate the exposure made by "•I to that made by the "C standards. This can be done by performing several double flow (both ""I-IAP and "C-IAP) studies, as will be described below.
The theory that follows is derived and used with units that are not those of true exposure. Exposure is defined in terms of energy deposited in the emulsion per unit area of emulsion and is proportional to the product of the tissue equivalent concentration of the 14 C standards (nCi "C/g) and the time that they are in contact with the film. Because "C standards are readily available, stable with time, and convenient to use, exposures were measured in units of "C concentration, referenced to the time which the standards were left on the film. When lM I and "C labeled tracers are administered to the same animal and its brain is removed, frozen, and sectioned into slices for autoradiography, the first exposure, of duration t, (hours), is formed by the action of "•I, "C, and the contaminant, It5 I; i = m I , + "C, +
where, E, = exposure from tissue section for first exposure, m Ii = exposure component of E! contributed by >»I, " Q = exposure component of E! contributed by "C, and m Ii = exposure component of E! contributed by "•I.
If a second exposure of the same section of duration t, (hours) is made after the ""I has practically decayed, it will be formed by the actions of "C and W I. Thus:
where, Ea = exposure from tissue section for second exposure, " C t = exposure component of Ea contributed by "C, and 12 *Ij = exposure component of E, contributed by If a small amount of m I (obtained from the same batch as that administered to the animals) is added to a mechanically homogenized brain, and the resultant mixture is also frozen, sectioned, and used for autoradiography during the same time as the first exposure, an image resulting from the action of 1M I and 1B I will be formed:
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where, EQ! = exposure from homogenate section for first exposure, '"IQI = exposure component of EQ, contributed by m I , and 1M I O i = exposure component of EQ, contributed by A second exposure of duration t, made from this homogenate section after the "M has decayed will result only from the action of the m I contaminant:
where, EQI = exposure from homogenate section for second exposure, and "•Ioi = exposure component of EQ, from ""I.
Because the animals' brains and brain homogenates are labeled with "*I from the same batch, the amount of m I impurity in the brain section and homogenate sections will be equal: where, P = ratio of "*I impurity exposure in Ej or Eo t to 1U I exposure in Ej or Eoi.
Because the half-life of U C is long compared to the duration of the exposures, its activity can be considered constant. Thus the "C exposure for E, is related to that of E, by:
The activity of lt8 I will change slightly between the 2 exposures because its half life is approximately 60 days, but because this has been found to be very small (see Results) less than 1% error will result from assuming its activity to remain constant. Thus:
Combining (5) and (7) yields:
Similarly, combining (3), (4), and (8) yields: 12 »I O1 = EQ, -(t,/t,) Eo,.
By combining (4), (5) , and (10), P can be expressed as:
Combining (5), (6) and (7) with (1) yields the following operational equation:
(1 + + " Q (t./t,). (12) Rearranging and substituting from equations (2) and (5):
From (2) and (12):
By determining P from the homogenate exposures (equation 11) and measuring the exposures on the sequential tissue autoradiographs, the 1U I and U C exposures can thus be evaluated at any point.
When equations (13) and (14) are solved, their units will not be those of true exposures, but those of the calibrated standards, nCi U C per gram. "C tissue concentrations can be calculated directly. To determine the m I tissue concentration, the relative ability of 1M I to expose film to that of U C must be determined. This can be done by administering a mixture of iaa I-IAP and "C-IAP to a series of animals. Because the ltt l-IAP and "C-IAP behave identically with respect to their physical-chemical properties, they diffuse equally from the blood into the brain. Thus, the concentration ratio of the tracers in any part of the brain section equals that of the blood:
where, Ar = ratio of concentration of "M-IAP to U C-IAP in the arterial blood at the beginning of the first exposure, and, Br = ratio of concentrations of ""I-IAP to "C-IAP in the brain at the beginning of the first exposure.
Because the exposures from the 
where, F = factor to convert li8 I, to full decay = 1/(1 -2-u/w ).
The units of k will thus be hr 1 and k should not vary between animals or between structures within an animal.
Because the operational equations involve subtractions, error propogation will occur and must be minimized by selecting the appropriate value for t,/t, and the correct amounts of U C and 1M I to be administered. Assuming P(ti/t,) to be very small (see Results), equations (13) and (14) both assume the form A = B -C where B represents E^ and E, respectively and C represents (ti/t») E, and PE! respectively.
Because the statistical error of A will propagate approximately as: SD of A = ( (B + C)/(B -C) ) u t X SD of B, C should be kept as small as possible. Specificially, in order to minimize error propagation through both equations, (Vt^E, and PEi should be minimized. E, and E, are limited by film characteristics so that they produce useful images and it is convenient that they be close to equal. Error propagation is therefore minimized when tj/ta and P are minimized. I T is defined as the amount of 123 I which will produce a useful exposure upon total decay and P T as the impurity ratio for I T . P T has been experimentally found to be approximately 0.04 (see Results). If t, is less than °°, more 1U I than I T must be given to obtain a good exposure. Defining ^ as the actual amount of Using these parameters, ^lj and "Cj will be approximately 92% of E, and E 2 respectively. In measuring LCBF and LCMRgl this is appropriate only in the normal brain and certain pathologic conditions where these parameters appear to be coupled. 7 Pathologic states which cause decoupling of these parameters (i.e. changes in LCBF/LCMRgl ratio) will propagate error more severely. Thus, to use this technique to measure LCBF and LCMRgl simultaneously in normal animals, and to then compare the results with values from single radionuclide studies, would validate it only for the condition of optimal coupling of flow and metabolism. A more comprehensive analysis is needed to determine the magnitude of error introduced by this technique in other states. This can be done by performing flow-flow studies after the value of k has been determined and changing ^/ t j from the optimal value of 0.08. Equation (17) can be rewritten so as to allow a predicted value of "M exposure, I p , to be calculated from any U C exposure.
The measured values of 123 I exposure (I m = 1S3 l l ) can then be compared to the predicted values, and the total error in determining tracer concentrations in conditions simulating flow-metabolism decoupling can be assessed.
Because the 2 images to be compared are formed at different times, the potential of latent image fade s> e must be determined and controlled. Latent image fade is a phenomenon where the density of an image will decrease as the time between exposure and development increases. Although the mechanism is not well understood, humidity and the presence of oxygen have been shown to be important influences on the rate of fading. For one particular photographic emulsion, it has been shown that maintaining humidity below 30% prevented any fade up to 14 weeks from exposure to development." In order to accurately relate the 2 images in this technique, the significance of latent image fade for the autoradiographic film must be determined and controlled.
Consideration must also be given to potential problems arising from the differing rates of deposition of radiation by the 2 isotopes. It is well known that for exposures of film by light, the phenomenon of "reciprocity failure" occurs, i.e., the density of film need not remain constant for a given amount of exposure (intensity X time) as time is varied. 9 This "failure" is reported not to occur with exposures made by electrons, 10 and this can be verified by exposures of U C standards at different intensities.
Experimental Procedures

Latent Image Fade and Reciprocity
Latent image fade was first measured with no attempt to control either the humidity or oxygen content of the environment. Calibrated "C standards were placed on Kodak SB-54 film in a standard cassette at ambient conditions for 96 hours. The standards were then moved on the film and allowed to expose the film for a second 96 hours. The films were developed and the amount of fade was determined for each standard. Because only slight fade occurred (see Results) it was decided to measure fade during a longer period of time in a controlled environment while also testing the reciprocity rule. Standards with activity equivalent to 48 nCi 14 C/g and 1400 nCi u C / g were placed on a film in a chamber where humidity was kept below 20% using CaSO 4 as a dessicant. The 1400 nCi "C/g standard was removed after 16.5 hours while the other standard was allowed to remain for 480 hours so that the 2 exposures (activity X time) were equal. The 1400 nCi u C / g standard was then placed back upon the film for a second 16.5 hours. The film was developed and the optical densities of the 3 exposures were measured using a densitometer (Gamma Scientific) with a 230 micron aperture.
P T Determination
As described earlier, it was necessary to determine P T so that a t,/t t ratio, which would minimize error propagation, could be defined. After finding that commercially available 1M I had too many contaminants, we obtained our m I from either Brookhaven National Laboratory or Crocker Nuclear Laboratory. P T was determined for each of several batches of 
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activity remained at this time, it was assumed that total decay had occurred. The sections were then allowed to expose an adjacent portion of each film for 168 hours. The films were developed, the first and second exposures measured, and values of P T were determined using equation (11) . The values all were within the range of 0.03 to 0.04, so 0.04 was chosen as maximum expected P T , and used in the model. k Determination lts I-IAP was prepared from 128 I and ^I -I A P using an exchange reaction. 11 A mixture of ^I -I A P (5 mCi/kg) and "C-IAP (New England Nuclear) (100 n ci/kg) was administered by constant infusion for 45 seconds into 4 male Wistar rats following the protocol for LCBF determination.
1 -* Arterial samples were taken at approximately 2 second intervals during the infusion. At the end of the infusions the rats were decapitated and their brains were removed, frozen, and sectioned into 20 micron slices. In addition, homogenates of rat brains were prepared, mixed with the IW I which was from the same batch used to prepare the injectate, frozen, and sectioned. The arterial samples were first counted in a gamma counter to determine the ia l concentration. The percentage 1M I-U was determined in several of the samples. This was done with paper chromatography using an ethanoltoluene (1:1) solvent system. 1M I-U remains at the origin while 1M I-IAP moves with the solvent front. The 1U I arterial counts were then corrected to determine the true "M-IAP arterial concentration curve. After 168 hours less than 0.1% of the "M remained and its activity was assumed to be zero. The samples were then counted in the liquid scintillation counter to determine the U C-IAP arterial curve. The sections and calibrated standards were placed upon Kodak SB-54 film for a length of time, t,. The sections were then removed from the film for approximately 6 days to allow the "M to decay. The standards were left upon the film during this period so that they exposed the film for a total length of time, t,. The sections were then put back upon an adjacent unexposed part of the film and the standards were moved similarly. The sections and standards were allowed to expose the films for a length of time also equal to t a . The time, t a , was chosen to be 168 hours (one week) for all of the studies, a length of time found convenient for M C exposures. (During the exposures, the films were always kept in the dry chamber). When the second exposure was completed, the film was developed. The ratio U/U was set equal to the optimal 0.08 for 2 of the studies (t, = 13 hours) and 1.0 for the other 2. Using 1.0 rather than 0.08 caused "M, and 14 Q to be nearly equal. Thus the significance of error propagation in determining k could be studied.
Equations (13) and (14) were used to determine the values of m I i and M C, from various white and gray matter regions from values of Ei and Ej (the E x and E, values for each region were the mean of 900 readings from the densitometer). These values were used to compute values of k using equation (17).
Validation of Technique
After the value of k was determined for Kodak SB-54 film (different values of k were found for white and gray matter) 6 flow-flow studies were performed in which U/tj ratio was changed from the optimal value of 0.08 to 1.0 to simulate conditions which would arise under 12-fold decoupling of LCBF and LCMRgl. Equation (24) was used to determine values of I p which were compared to values of I M for 6 structures in each animal. The percent error in measurement of tracer concentration (I M -I p ) X 100/I p , was then calculated for each structure.
Simultaneous Normal LCBF-LCMRgl Measurement
To illustrate the usefulness of the technique, LCBFLCMRgl studies were performed on 4 awake, male Wistar rats.
u C-2-deoxyglucosc was administered intravenously and arterial samples were obtained over a period of 44 minutes following the LCMRgl protocol. 8 A 45 second continuous infusion of 123 I-iodoantipyrine was then given and arterial samples were taken according to LCBF protocol.
1 ' 2 The rats were decapitated at the end of the infusion and autoradiographs were prepared as previously described, (tj/tj was set equal to the optimal 0.08). The U C and 1M I concentrations in 10 structures in each rat were determined and used to calculate LCBF and LCMRgl. Table 1 summarizes the results of the test for latent image fade at ambient conditions. Fifty readings were made of each exposure. As can be seen, a small amount of fading occurred at ambient conditions. Because the rate of fade was small, we believed that by lowering the humidity to less than 20%, it could be prevented. This was verified in the test for reciprocity.
Results
Latent Image Fade
Reciprocity
The results of the test for reciprocity are contained in table 2. There are no differences between the optical densities of the rapid and slow exposures. Also, no fade occurred between the first and second 16.5 hour exposure. The ability of "I to expo** film aa compared to the ability of "C to expoae film, k waa determined in a number of gray matter areai (A) and a lumber of white matter area* (B) in 4 animal*. U/tt waa 1.0 for 1 and 2 and 0.08 for 3 and 4. A 2-way analyai* of variance ahowed no significant difference of k vahiea among anirnnl* for gray matter reading* (p > 0.06). There waj a difference for k (p < 0.01) between gray and white matter reading*.
It Determination
For reasons given previously, it was expected that k would not vary within a given animal or among animals. There was, however, a consistent difference between values of k for gray and white matter as can be seen in table 3. A 2-way analysis of variance showed no significant difference {p > 0.05) in values of k for gray matter structures among animals. The values of k, however, were different for white and gray structures within each animal (p < 0.01). There was also a significant difference (p < 0.01) between the white matter k values of the week-week animals (1 and 2) and the 13 hour-week animals (3 and 4) . The final mean values of k used for subsequent calculations were: k for gray matter = .146; k for white matter (t, = 13 hours) = .137; k for white matter (t, = 168 hours) = .126.
Validation of Technique
The percent error in determining tracer concentrations is plotted as a function of predicted ""I con- I to "C administered as tracers could be set high enough so that the initial activity would be predominantly M l. By interposing a thin mylar film between a tissue section and film, the U C emission (fimean = 55 keV) could be filtered while allowing a portion of the m I emission (internal conversion = 127 keV) to penetrate. An autoradiographic image obtained at this time would thus represent only the would require too much time to decay for this scheme to be practical. Using a second filter to separate l w Ts softer radiation (internal conversion maximum = 34 keV) from that of the 14 C would lengthen the time of the exposure since much of the 14 C emission would also be absorbed. Thus, attempting to use filtration techniques to separate the isotopes would add 2 significant complications to a non-filtration, timedependent technique:
1) An increased amount of 1M I would be needed to form the first image because of absorbance by the initial filter.
2) A greater length of time would be needed for the second image to form because of absorbance of much of the " C emission by the second filter. Even without filtration, the presence of 1U 1 impurity must be considered carefully in the design of the technique. Because subtraction propagates error, proper selection of the relative amounts of ""I and 14 C administered as tracers is important as is proper selection of values of t t and t a . Because P T has been found to be fairly consistent among batches of 1M I, we have been able to balance the contamination of Ei by 14 C and the contamination of E, by m l.
Latent Image Fade and Reciprocity
Problems of latent image fade must be controlled in any autoradiographic technique where the film is not developed shortly after it is exposed. Our results show that an environment can be maintained in which no demonstrable fade occurs during 480 hours (20 days). The total length of time for both exposures in the dou- ble radionuclide protocol is 14 days so that no fade should occur. The use of the same calibrated standards for the 2 exposures of duration t 2 provides a monitor of any fading that might occur in an actual study were the environment to be somehow altered. Potential failure of the reciprocity rule must be considered in a photographic technique where differing exposure rates are employed. In the double radionuclide protocol, the initial activity of 1M I must be almost 50 times that of the U C to produce the same exposure. Only 13% of the 123 I activity is conversion electron emission (the radiation which exposes the film), and thus the initial "exposing" activity of the in l is about 15 times that of the U C . Since our results showed no evidence of reciprocity, failure between the weakest (48 nCi/g) and the strongest (1400 nCi/g) standards which represents a 30 fold range of activity, the reciprocity rule appears valid in this technique.
k Determination
It was surprising to find that values of k differed between white and gray matter. In the techniques for measuring LCBF 1 ' a and LCMRgl' it was assumed that white and gray matter acted similarly with respect to attenuation of the U C emission. It has recently been shown, however, that for 20 micron brain sections, gray and white matter attenuate U C emission differently; the white matter acts as a better absorber of this emission than the gray matter. 11 It is this difference which most likely explains the differing values of k.
U C emits electrons having a mean energy of 55 keV with a spectrum of 0-154 keV. The higher solid content of the white matter causes it to absorb the lower energy particles better than the gray matter. 12J I, however, has a monoenergetic emission of 127 keV and, for 20 micron brain sections, there will be relatively less difference in absorption between gray or white matter, in comparison with U C. Thus, in white matter, there will appear to be less 14 C with respect to 12S I and hence lower values of k will be obtained. As expected, this difference was more pronounced in the week-week experiments than in 13 hour-week experiments. In single radionuclide studies employing M C, the use of the same standards for white and gray matter will underestimate values of LCBF and LCMRgl for white matter. Our results suggest that this underestimation is about 10%.
Applicability of the Technique in Normal and Abnormal Conditions
The agreement of values of flow and metabolism between the single and double label techniques, as well as the comparable standard deviations in determining the values, show that the double label technique does not introduce significant error in the normal state. Although error should be more serious in studies where optimal 123 I/ U C exposure ratios are not obtained, the effect can be minimized by using values of E[ and Ej for each structure which are obtained from a large number of readings from the densitometer. In the specific case of the week-week studies, E, is the result of almost equal contributions from 1U 1 and 14 C rather than the optimal 92% and 8% respectively. This is analogous to a 13 hour-week study in which an abnormal condition in the animal has caused the LCMRgl/LCBF ratio to deviate by a factor of about 12 from normal values. The error in determining brain tracer concentrations (standard deviation), however, remained under 6% which is significantly less than the variation among normal animals.
2 -' Thus, this technique should allow simultaneous determination of LCBF and LCMRgl in conditions of abnormal physiology or pathology where significant decoupling of normal blood flow and glucose metabolism occurs while increasing the error in measurement of these parameters by only a small amount.
Conclusions
We determined LCBF and LCMRgl in normal, awake male Wistar rats. Our values for blood flow and metabolic rate for glucose agreed well with those in the literature and the standard deviation in deter-AUTORADIOGRAPHY FOR SIMULTANEOUS LCBF, LCMRgl/Z-ear et al.
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mining these values did not increase. The images obtained in the normal rat allow visual evaluation of flow and metabolism. Computer reconstruction of subtracted images, which we are presently developing, will allow both quantifying of LCBF and LCMRgl as well as the ability to portray them visually in all conditions. The technique has been shown to introduce only minimal error even when the LCBF/LCMRgl ratio is far from optimal. Thus, by labelling other compounds with U C and 1S3 l, measurements of other pairs of parameters can be made simultaneously and accurately.
